Photoacoustic imaging (PAI) is a promising medical imaging modality providing the spatial resolution of ultrasound (US) imaging and the contrast of pure optical imaging. For lineararray PAI, a beamformer has to be used as the reconstruction algorithm. Delay-and-sum (DAS) is the most prevalent beamforming algorithm in PAI. However, using DAS beamformer leads to low resolution images along with significant effects of the offaxis signals. Coherence factor (CF) is a weighting method in which each pixel of the reconstructed image is weighted, based on the spatial spectrum of the aperture, to improve the contrast. In this paper, it has been shown that the numerator of the formula of CF contains a DAS algebra, and it was proposed to use the delay-multiply-and-sum (DMAS) beamformer instead of the available DAS on the numerator. The proposed weighting technique, modified CF (MCF), has been evaluated numerically and experimentally compared to CF, and it was shown that MCF leads to lower sidelobes and better detectable targets. The quantitative results of the experiment show that MCF leads to for about 45% and 40% improvement, in comparison with CF, in the terms of signal-to-noise ratio and full-width-half-maximum, respectively.
e.g., tumor detection [4] , [5] , ocular imaging [6] , monitoring oxygenation in blood vessels [7] , and functional imaging [8] , [9] . There are two types of PAI: photoacoustic tomography (PAT) and photoacoustic microscopy (PAM) [10] , [11] . In PAT, an array of US transducers in the form of linear, arc or circular shape is used for data acquisition, and mathematical reconstruction algorithms are used to obtain optical absorption distribution map of the tissue [12] [13] [14] . Reducing inherent artifacts in PA reconstructed images, caused by the simplifications used in the reconstruction algorithms, has become a crucial challenge in PA image reconstruction for different number of transducers and different properties of imaging media [15] [16] [17] . The problem of image reconstruction in linear-array imaging for PAI and US imaging can be addressed in almost a same way. There some modifications which are needed to be considered in image reconstruction for these two imaging modalities, and the modifications are directly concerned with the transmission part [18] . In US imaging, an US wave is transmitted, but in PAI, a laser illumination plays the excitation role. Thus, the necessary delay for each elements of array would be different, leading to the usage of different hardware in an integrated US/PA imaging system. There are many studies focused on using one beamforming technique for US and PA image formation to reduce the cost of the integrated US/PA system [19] , [20] . Delay-and-Sum (DAS), as the most basic and commonly used beamformer due to its simple implementation, is a blind beamformer and results in low quality images [21] . The problem of a proper beamforming algorithm has been widely investigated in US imaging in different cases of study [22] , [23] . Adaptive beamforming such as Minimum Variance (MV) can be a proper option to weight the signals and reduce the effect of the off-axis signals in the reconstructed images [24] . MV adaptive beamformer, having considerable applications in radar and US imaging, has been modified for US imaging over the past few years in different fields of study such as complexity reduction [25] , [26] , US pixel-based beamforming [27] , and 3D US imaging [28] . Recently, to address the relatively poor appearance of interventional devices such as needles, guide wires, and catheters, in conventional US images, delay and standard deviation (DASD) beamforming algorithm was introduced [29] . In 2015, explained in [30] , Matrone et al. introduced a new beamforming algorithm namely delay-multiply-and-sum (DMAS). This algorithm was initially used as a reconstruction algorithm in confocal microwave imaging for breast cancer detection [31] . DMAS has been used with Multi-Line Transmission (MLT) arXiv:1710.00157v1 [physics.med-ph] 30 Sep 2017 for high frame-rate US imaging [32] . Although it leads to a higher resolution compared to DAS, the resolution is not well enough in comparison with the resolution gained by MVbased algorithms. MV beamformer has been combined with DMAS algorithm to improve the resolution of DMAS [33] [34] [35] . Double Stage DMAS (DS-DMAS) was introduced in [36] , [37] , and it was shown that it outperforms DMAS in the terms of contrast and sidelobes. In this paper, we have demonstrated that the numerator in coherence factor (CF) weighting procedure is the output of DAS algorithm, and it is proposed to improve the image quality using the MCF (MCF) weighting. In this technique, the DMAS beamformer is used instead of the existing DAS on the numerator of CF formula. The rest of the paper is organized as follows. Section II contains the theory of beamformers and the proposed method. Numerical simulation of the imaging system and the experimental design along with the results, and the performance evaluation are presented in section III and section IV, respectively. Discussion is presented in section V, and finally the conclusion is presented in section VI.
II. MATERIALS AND METHODS PA signals are generated and detected after the laser has illuminated the imaging target. The obtained signals can be used to reconstruct the PA images through a reconstruction algorithm such as DAS which can be written as follows:
where y D AS (k) is the output of beamformer, k is the time index, M is the number of array elements and x i (k) and ∆ i are the detected signals and the corresponding time delay for detector i , respectively [25] . To provide a more efficient beamformer and improve the quality of the reconstructed image, coherence factor (CF) can be used combined with DAS, which leads to sidelobe levels reduction and contrast enhancement [38] . CF, as a weighting procedure, is presented by:
where x i d is the delayed detected signal. The output of combined DAS and CF is given by:
Implementing the DAS beamformer is simple which is why is it the most common beamforming algorithm in US and PAI. However, this algorithm provides a low off-axis signal rejection and noise suppression. Consequently, DAS results in reconstructed images having high levels of sidelobe and a low resolution. To address the incapabilities of DAS, DMAS was suggested in [30] . The same as DAS, DMAS calculates corresponding samples for each element of the array based on delays, but samples are multiplied before adding them up. The DMAS formula is as follows:
To overcome the dimensionally squared problem of (4), following modifications are suggested in [30] :
DMAS algorithm is a correlation process, and a non-linear beamforming algorithm in which the autocorrelation of the aperture is used. A product in time domain is equivalent to the convolution of the spectra of the signals in the frequency domain. Consequently, new components centered at the zero frequency and the harmonic frequency appear in the spectrum due to the similar ranges of frequency for
A band-pass filter is applied on the beamformed output signal to only pass the necessary frequency components, generated after the non-linear operations, while keeping the one centered on 2 f 0 almost unaltered. Regarding the (2), it can be seen that the numerator of CF algorithm is the output of DAS beamformer, and the formula can be written as follows:
Having CF combined with DAS, (3), leads to sidelobes reduction and contrast enhancement compared to (1) . However, in this paper, it is proposed to use the output of DMAS algorithm instead of the DAS algebra on the numerator of CF formula. The proposed weighting is called modified CF (MCF), and its algebra is as follows:
Since the DMAS outperforms DAS in the terms of resolution and sidelobes, it is expected that the proposed weighting method provide a higher image quality compared to (2) . In what follows, it is shown that the proposed method outperforms the conventional CF weighting.
III. NUMERICAL RESULTS AND PERFORMANCE ASSESSMENT
In this section, numerical results are presented to evaluate the performance of the proposed algorithm in comparison with DAS and combination of DAS and CF (DAS+CF).
A. Point Targets
K-wave Matlab toolbox was used to simulate the numerical study [39] . Eleven 0.1 mm spherical absorbers were positioned along the vertical axis every 5 mm as initial pressure. The first absorber was 25 mm away from the transducer surface. The imaging region was 20 mm in lateral axis and 80 mm in vertical axis. A linear array having M =128 elements operating at 7 M H z central frequency and 77 % fractional bandwidth was used to detect the PA signals generated from defined initial pressures. Speed of sound was assumed to be
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(a) The reconstructed images are shown in Fig. 1 where noise was added to the detected signals having a SNR of 50 d B . As can be seen, DAS leads to high sidelobes and after the depth of 50 mm the targets are barely detectable as a point target.
Using CF combined with DAS results in lower sidelobes and a higher image quality. As can be seen in Fig. 1(c) , the proposed method suppresses the artifacts and sidelobes more than the conventional CF. To compare the reconstructed images in detail, the lateral variations at two depths of imaging are shown in Fig. 2 Table I and Table  II , respectively. SNR is calculated using the method explained in [36] . As shown in Table I 
IV. EXPERIMENTAL RESULTS
To further evaluate the proposed weighting method and its effect on enhancing PA images, phantom experiments were performed in which a phantom consists of 2 light absorbing wires with diameter of 150 µm were placed 12 mm apart from each other. The schematic of the experimental setup is shown in Fig. 5 . In this experiment, we utilized a Nd:YAG pulsed laser, with the pulse repletion rate of 30 H z at wavelengths of 532 nm. A programmable digital ultrasound scanner (Verasonics Vantage 128), equipped with a linear array transducer (L11-4v) operating at frequency range between 4 to 9 M H z was utilized to acquire the PA RF data. A high speed FPGA was used to synchronize the light excitation and PA signal acquisition. The reconstructed images are shown in Fig. 6 . As can be seen, DAS results in high levels of noise in the images, degrading the image quality, and image is affected by sidelobes. Using CF improves the images quality, but the image is still affected by noise and sidelobes. Finally, the proposed weighting method enhances the image by providing higher noise suppression and lower levels of sidelobes compared to conventional CF. To evaluate in more detail, the lateral variations at two depths for targets shown in Fig. 6 , are presented in Fig. 7 . Considering Fig. 7(a) , the proposed weighting method results in lower sidelobes and noise where DAS, DAS+CF and DAS+MCF leads to -40 d B , -84 d B and -134 d B , respectively. Thus, the proposed method outperforms conventional CF. FWHM in -6 d B has been calculated for the experimental results and shown in Table III . It can be seen that the proposed weighting method results in narrower mainlobe in comparison with CF. Consider, for example, the target at the depth of 22 mm where DAS+MCF results in 0.38 mm 0.29 mm improvement compared to DAS and DAS+CF, respectively. Moreover, SNR has been calculated for the experimental data and the results are shown in Table IV where the MCF causes higher SNR compared to conventional CF for both depths of imaging.
V. DISCUSSION
The main enhancement gained by the proposed method is higher contrast and lower sidelobes. Considering the fact that Thus, it can be perceived that using DMAS instead of the existing DAS on the numerator of CF algebra would results in contrast enhancement due to its auto-correlation process which is a non-linear operation. As can be seen in Fig 1, Fig  3 and Fig 6, using the correlation process of DMAS inside the formula of CF results in higher noise suppression and artifact reduction, leading to higher image quality compared to DAS and DAS+CF. In other word, the multiplication operation inside the DMAS procedure reduces the presence of noise and off-axis signals on the reconstructed images, and improves the image quality. The power of the proposed weighting method in the term of sidelobes reduction can be seen in the Fig 2,  Fig 4 and Fig 7. As can be seen in the lateral variations, the width of mainlobe has decreased which is a merit of MCF. Since DMAS improves the resolution gained by DAS, shown in [36] , the MCF leads to higher resolution in comparison with CF. To put it more simply, presence of DMAS inside the formula of MCF is the reason of higher resolution achieved by MCF. Despite all the results, it was necessary to evaluate the proposed method quantitatively. Considering the numbers presented in the Tables of the last section, it can be seen that the proposed method outperforms CF in the terms of FWHM and SNR. The computational burden imposed by the proposed method is the same as DMAS, and the order of processing in M 2 while the order of processing for CF is the same as DAS which is M . Therefore, it should be mentioned that the improvements are obtained at the expense of higher computational burden in comparison with CF. The proposed method can be implemented on a FPGA device, e.g. on an Altera FPGA of the Stratix IV family (Altera Corp., San Jose, CA, USA). The time consumption has been reported in [30] for DMAS implementation, which indicates that the proposed method can be used in clinical PAI systems. In applications in which phased (or micro-convex) arrays are used, MCF can provide a further enhancement compared to CF. In small-parts and vascular US imaging, for instance in vivo imaging of the carotid artery, where the resolution and specially sidelobes are of importance, MCF can be used, providing higher contrast and noise suppression in comparison with CF
VI. CONCLUSION
In this paper, a new weighting procedure has been introduced by combining the conventional CF and the DMAS beamformer. It was shown that the numerator of the formula of CF is a DAS, and it was proposed to use DMAS instead of the existing DAS inside the formula of CF. The MCF has been evaluated numerically and experimentally, and all the results showed the higher performance of MCF compared to CF. For experimental results, MCF reduced the sidelobes for about 50 d B in comparison with CF, indicating the higher contrast, and the quantitative results showed that MCF improves the SNR and FWHM for about 45% and 40%, respectively.
